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PREFACE 

The work reported herein was conducted by the Arnold Engineering 

Development Center (AEDC), Air Force Systems Command (AFSC), under 

Program Element 65807F. The results were obtained by ARO, Inc., AEDC 

Division (a Sverdrup Corporation Company), operating contractor for the 

AEDC, AFSC, Arnold Air Force Station, Tennessee, under ARO Projects 

No. P32P-31B and P32A-BIA. The manuscript was submitted for publication 

on May 24, 1977. 
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1.0 INTRODUCTION 

The effects of certain secondary flows on the quality of wind 

tunnel data have been of historical concern to aerodynamicists. 

Corm~only known as free-stream disturbances, these secondary flows are 

perturbations of the mean flow field and are usually characterized by 

the magnitude of the root-mean-square (rms) values of the fluctuating 

velocity vector and pressure field. Early investigators examined the 

influence of free-stream disturbances on the onset of boundary-layer 

transition (e.g., see Ref. I). Recently, attention has been focused on 

changes induced in the development of the turbulent boundary layer 

caused by the presence of these disturbances. Several investigations 

(Refs. 2 through 6) have been made in which the growth of the flat plate 

boundary layer has been perturbed by vortical disturbances (turbulence) 

issuing from grids placed in the mean flow. Tripped boundary layers 

were employed in these studies in an effort to remove effects of the 

disturbances upon transition onset. However, the aforementioned in- 

vestigations have been concerned primarily with the low-speed flow 

regime (i.e., u < 50 m/s), and the extent of the applicability of these 

results to higher speed ranges is unknown. 

The results of Refs. 2 through 6 are complementary and are briefly 

summarized below. The effect of increasing the magnitude of vortical 

disturbances as measured by u is to: 
rms 

. Increase the boundary-layer thickness, ~0.99 (u/u = 0.99), 

6*, and 0. (When u becomes greater than about two percent, 
rms 

6" and e beg in  to  d e c r e a s e  (Ref.  4) .  

. Increase the fullness of the velocity profile, and conse- 

quently, reduce the wake component, the velocity defect, and 

increase the skin friction coefficient, Cf. 
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. Alter the distribution of the mixing and dissipation length 

across the boundary layer. 

. Increase the local magnitude of v 
~2 ~~ Urms' rms' 

as well as the ratio <q >/<puv>. 

<0uv>, and <q2>, 

. Cause the Reynolds stress component <0uv> to retain signifi- 

cant values for y > ~. 

. Cause the boundary layer to tend to lose its equilibrium 

characteristics in the sense that the profiles become non- 

similar in u/u and y/6* coordinates. 

Investigations of a similar nature have not been conducted using 

acoustic disturbances. However, a low-speed study (u - 40 m/s) into 

the effect of acoustic radiation on boundary-layer heat flux has been 

conducted by Gouger (Ref. 7). Although the results of this experiment 

cannot be directly compared to those of Refs. 2 through 6, as they were 

conducted utilizing an untrlpped boundary layer with free transition, 

they do provide evidence suggesting acoustic disturbances up to 149 db 

do not affect skin friction. 

The experiment described herein was designed to extend the study of 

the effect of free-stream disturbances on the growth of a turbulent 

boundary layer to a higher speed regime, specifically, M = 0.5 (u ~ 170 

m/s) and to include the effect of both vortical and acoustic disturbances. 

In particular, the effect on the mean properties of the turbulent 

boundary layer such as Cf, ~*, e, and H was sought for the purpose of 

ascertaining the importance of free-stream disturbances in high subsonic 

and transonic wind tunnel testing. 

6 
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The Arnold Engineering Development Center (AEDC) Acoustic Research 

Tunnel (ART) of the Propulsion Wind Tunnel Facility (PWT) was selected 

as a suitable test facility to conduct these experiments because it was 

specifically designed to provide a relatively low disturbance environ- 

ment for the speed range 0.2 !M ! 1.1. Perturbations of various types 

can readily be imposed upon the tunnel baseline disturbance level by 

addition of an appropriate generator. A complete description of the 

apparatus, experimental procedure, and results follows. 

2.0 APPARATUS 

2.1 ACOUSTIC RESEARCH TUNNEL 

The ART is an atmospheric indraft, continuous flow wind tunnel 

having a 15.2- by 15.2- by 61-cm test section and a Mach number range 

of 0.2 !M ! 1.1. Mach numbers above M = 0.7 are obtained through use 

of porous walls and plenum suction. A schematic, with significant 

dimensions, is presented in Fig. I. 

A relatively low background acoustic level is obtained in the test 

section by means of acoustic silencers (46-db maximum attenuation rating 

at 1.2 kHz) in the diffuser and plenum exhaust ducts, as well as vibra- 

tion isolation expansion joints. Honeycomb and damping screens in- 

stalled in the inlet section further reduce the acoustic and vortical 

background levels. Because the exhaust machinery is remotely located 

with respect to the tunnel, fan noise is not transmitted back into the 

test section. Background noise levels attained in the test section when 

configured with solid walls are shown in Fig. 2 in the form of overall 

sound pressure level (i.e., Prms in db). The figure also presents these 

data in terms of the acoustic parameter AC where 
P 

ACp = (Prms / q ~ )  x 100% 
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and where Prms is the rms fluctuating pressure and q= is the dynamic 

pressure evaluated at the free-stream conditions. From these data, 

the nominal level of AC = 0.45 percent is approximately the level to be 
P 

expected from acoustic radiation produced by a turbulent boundary layer 

on the solid test section walls as compared to 1.0 < &C < 2.0 percent 
-- p -- 

for a typical transonic, porous wall wind tunnel (see, e.g., Ref. 8). 

The 61-cm length of the test section was deemed to be insufficient to 

allow a significant range of length Reynolds numbers to be examined. 

Therefore, the test section was made extendible by the addition of a 

channel with dimensions 15.2 by 15.2 by 61 cm. The channel can be 

inserted between the nozzle contraction section and the plenum housing 

thus providing a test section length of 122 cm or an additional 61 cm 

for boundary-layer growth. 

2.2 DISTURBANCE GENERATORS 

Two types of acoustic generators were examined for use in this 

investigation. The first was a two-dimensional variable width slot 

which acted as an edgetone generator. The slot was installed in the 

upper test section wall and was open to the plenum chamber. In order to 

obtain a stable operating condition, it was necessary to employ plenum 

suction. Because plenum suction jeopardized the two-dimensional flow in 

the test section and because the resultant noise levels were found to be 

inadequate (Prms 139 db compared to 133-db b a s e l i n e ) ,  t h i s  g e n e r a t o r  

was not utilized. The second generator was a variable porosity wall 

with 1.3-cm-diam holes inclined at 60 deg to the mean flow (PWT 

Aerodynamic Wind Tunnel (4T) (Tunnel 4T) porous wall hole pattern). The 

Tunnel 4T wall is made of two plates which may be moved relative to each 

other. This allows the effective wall porosity to be varied from zero 

to six percent. When configured in the zero-porosity mode (i.e., no 

flow through the walls), it was found to be an effective noise generator 

with Prms ~ 149 db. The performance of this acoustic generator is 

summarized in Figs. 3 and 4. 
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The vorticity generator consisted of a rod mesh constructed from 

2.54-cm-diam horizontal rods and 1.91-cm-diam vertical rods with a grid 

spacing of 6.4 cm. The grid was installed in the tunnel stilling 

chamber at a distance of approximately 50 cm upstream of the nozzle 

contraction section. This configuration yielded a nominal disturbance 

level of u ~ one percent in the test section, a level which was 
rms 

thought to be typical of porous wall wind tunnels. This level remained 

essentially unchanged for runs made with the test section extension 

installed. 

2.3 INSTRUMENTATION 

A pitot probe was made by flattening a 0.17-cm-diam seamless 304 

stainless steel tube having a 0.02-cm wall thickness. The resulting, 

approximately rectangular, opening measured 0.005 cm high by 0.25 cm 

wide. The wall thickness of the flattened portion of the probe was 

gradually reduced over a distance of about 1.5 cm to about 0.0025 cm at 

the probe tip. This design reduced the vertical distance over which the 

wall induced errors in the measurement of pressure (see, e.g., Ref. 9) 

and allowed negligible probe deflection under wind loading. 

Tunnel static pressure orifices of 0.8-mm diameter were located 

along the nozzle wall at 1.27-cm intervals. Static orifices were 

similarly spaced along the tunnel test section lower wall and along 

the test section extension. These orifices were connected through a 

patch panel to the standard ART pressure measurement systems discussed 

below by means of plastic tubing. 

A traversing mechanism was designed to provide probe-positioning 

accuracies to within 0.08 mm. A traversing rate of 0.38 cm/min was 

achieved by a gearbox which reduced the motor speed by a ratio of 1,000:1. 

Antibacklash gears and a magnetic brake (oversized compared to motor 

torque) ensured a dead stop of the probe without coasting when the power 



A EOC-TR-77-73 

to the drive motor was interrupted. Probe position was accurately 

determined to within 0.0025 cm by a linear potentiometer which was 

mounted to the traversing strut. The lower test section wall had three 

penetrations for the traversing mechanism which were located at separate 

locations along the tunnel axial centerline. The installed configura- 

tion is illustrated in Fig. 5. 

The pitot probe and tunnel static pressures were converted to a 

d-c electrical signal by a Kistler ®series 314 0 to 105 pascal (0 to 

15 psi) pressure transducer. The electrical signal was read on a Fluke ® 

model 8400 digital voltmeter and hand recorded. The various pressures 

were routed to the transducer via two 12- port Giannini® scanning valves. 

A 0.64-cm-diam Bruel and Kjaer ® condenser microphone was used to 

measure the tunnel sound pressure level Prms" The microphone was flush 

mounted to the test section sidewall at tunnel station 47.63 cm. 

A Thermo-Systems, Inc. ® , Model 1248, X-array cylindrical film 

anemometer was used to measure vorticity levels (i.e., Urms). The 

anemometer was mounted in the traversing mechanism and traversed out of 

the boundary layer to determine the local free-stream vorticity level. 

The output of the microphone was hand recorded from readings taken 

on a true-root-mean-square voltmeter with an internal one-second time 

constant. The voltmeter readings were averaged over a minimum time of 

five seconds. Mean square values of the anemometer signals were ob- 

tained by operating the true-rms voltmeter in the signal-squaring mode 

and passing the squared voltage into a signal integrator whose time 

constant was set at 100 sec (the maximum value). The averaged signals 

were then hand recorded and converted into Urms by an offline computer 

program. (Alternate measurement techniques are discussed in Appendix 

A.) 

I0 
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3.0 EXPERIMENTAL PROCEDURE 

The experimental procedure used is summarized as follows: (I) A 

particular combination of tunnel configuration, test section and probe 

location, and disturbance generator was selected and installed. The 

choices of tunnel configuration were limited to the standard version as 

per Fig. I with solid walls and the modified version which included the 

test section extension. Disturbance generators were restricted to 

either the zero-porosity Tunnel 4T wall for acoustic disturbances or the 

rod mesh for vortical disturbances. Baseline data were obtained with no 

disturbance generators and solid test section walls. (2) Pretest cali- 

bration of the instrumentation was completed. (3) The desired flow 

conditions were established at the nozzle exit, and the appropriate 

instrument readings were noted and hand recorded. Detailed procedures 

regarding calibration, data acquisition, and data reduction are pre- 

sented in the following subsections. 

3.1 CALIBRATION 

The linear potentiometer used to indicate the position of the 

traversing mechanism with respect to the tunnel wall was calibrated 

before each run. It was necessary to establish only two points because 

of the high linearity and repeatability of the potentiometer. The zero 

or wall point was set by traversing the probe to the wall. An electri- 

cal circuit was completed and triggered a light indicator when contact 

was made between the bottom of the probe tip and the tunnel wall. To 

set the span, or maximum distance from the wall, a precision-machined 

metal block, 1.3 or 1.9 cm in height, was set on the tunnel floor. 

Again, the electrical circuit was used to establish contact between the 

probe tip and the top of the block. Choice of block height was made on 

the basis of expected boundary-layer thickness. 

I! 
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The microphone was calibrated in situ before each run by applica- 

tion of 140-db sound pressure level at a frequency of I kHz to the 

microphone diaphragm by means of a piston phone. The piston phone had a 

certified accuracy of ±0.5 db. The Kistler pressure transducer was 

calibrated before each run. The zero point was established by venting 

both sides of the transducer to atmosphere. The span was set by loading 

the pressure side of the transducer with a known pressure while the 

reference side was exposed to a vacuum. During the course of the experi- 

ment, it was found that both the microphone and the Kistler transducers 

maintained their calibrations over periods of several weeks. 

3.2 DATA ACQUISITION 

After completion of the pretest calibrations, the desired tunnel 

mean flow conditions were established. Records were then made of the 

primary tunnel operational parameters: total pressure, total tempera- 

ture, tunnel nozzle and test section axial static pressure distribution, 

as well as acoustic and vortical disturbance levels. Figure 6 illus- 

trates a typical tunnel empty axial pressure distribution. Data for 

both tunnel configurations are included in Fig. 6 and clearly 

indicate that the distribution is not significantly affected by the 

addition of the test section extension for the conditions of the 

experiment. Axial pressure data taken with the traversing probe in- 

stalled exhibited no variation from the distribution of Fig. 6 upstream 

from the probe location. 

Boundary-layer pitot profile data were obtained by traversing the 

pitot probe into the free-stream flow and then systematically traversing 

the probe toward the wall. The free-stream condition was verified by 

ensuring that a minimum of three consecutive points maintained essen- 

tially a constant pitot pressure. The probe was moved toward the wall 

in O.06-cm steps to a height of 0.25 cm from the wall. At this point, 

steps of 0.05 cm were maintained until the probe contacted the wall. 

12 
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The profile data were augmented by making repeat measurements at inter- 

mediate probe locations by traversing the probe away from the wall to an 

initial distance of 0.025 cm and then traversing away from the wall in 

steps of 0.05 cm. These additional points were generally restricted to 

the first 0.30 to 0.40 cm of the boundary layer; however, the exact 

distance was determined upon data repeatability and boundary-layer 

thickness. 

Probe position and pressure data were hand recorded and the ratio 

PT/PT= computed. Typically, a plot of PT/PT versus y was made as the 

data were being acquired to ensure that a smooth, well-defined profile 

was being obtained. This procedure was necessitated by fluctuations in 

pitot pressure of three percent in the free-stream total pressure to as 

much as ten percent of the local total pressure in the boundary layer. 

Considerable effort was expended to ascertain the cause of these fluctua- 

tions and assess their effects on the profile data. It was subsequently 

found that simultaneous operation with Tunnel 4T was inducing the observed 

free-stream flow unsteadiness.* A comparison of data obtained when the 

ART was operated alone was found to agree with the data obtained during 

simultaneous operation of the ART and Tunnel 4T to within the experi- 

mental scatter. Therefore, it was concluded that the observed flow 

unsteadiness was not adversely affecting the data when sufficiently long 

averaging times were allowed. 

*This occurs because the automatic pressure system used to maintain 

flow conditions in Tunnel 4T continually adjusts the stagnation pressure 

of that tunnel, and the resultant pressure fluctuations eventually feed 

through to the ART test section when both tunnels are operated simul- 

taneously. 

13 
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3 . 3  D A T A  R E D U C T I O N  

The recorded values of probe position and pitot pressure ratio 

(i.e., y and PT/PT ) together with tunnel total temperature and pres- 

sure, and mean flo~ Mach number were punched on computer cards and input 

into a data reduction program. The measured pltot pressure ratios were 

converted into the corresponding velocity ratios (i.e., u/u=o ). The 

calculation procedure first determined the local Mach number ratio M/M 

from the Rayleigh pitot equation. The definition of Mach number was 

then employed to obtain the relation 

= ~ I/Too M 
r~! u X/ --T 

The Crocco-type relation for nonunity Prandtl numbers and adiabatic 

walls developed in Ref. 10 was used as a second equation for the two 

unknowns, u/u® and T/T , i.e., 

T - I + Y- ] M~[I -(u--~--)2 ] (I Prm) { ~ (y-I) M~ ~ ( )a+2] 
T ~ ÷ - - (a+ I) (a+2)  

-- ~ _ U 2 U 

where 

' ( , )  " [(C-A),. AI- ( ~ + A ) . e n l ¢  + A l l  , 
(y- I) M~ 

a = 17.5, B = 70, and Pr is the mixed Prandtl number. These last two m 

equations were solved simultaneously by Newton-Raphson iteration for the 

local values of u/u and T/T using a recovery factor of 0.88. The 

resultant profiles were then integrated using the trapezoidal rule to 

obtain the boundary-layer parameters 6*, e, and H. The value of skin 

friction, Cf, associated with the measured profile is then found from a 

fit of the data to the compressible law of the wall as formulated by 

Fenter and Stalmach (Ref. 11): 

14 
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sin -I u 

Cf T w ) Cr 
2 T 

1 

= 5.75 log e y~-~ + 5.1 

v-1 ? 9 
where ~ = M~/(I + M~) and ~ is the laminar viscosity. 2 2 

The Wall-OverLap Layer (WOLL) model developed in Ref. 12 for the 

inner portion of a turbulent boundary layer was utilized in conjunction 

with the inferred value of Cf to compute corrections to 6*, e, and H. 

The corrections are implemented by using the WOLL model and Cf to add 

additional points to the measured velocity profile in the region 

y+ = y Re P P~ C~ <140 
VPw 2 

where data are generally not available. These augmented profiles, which 

typically involved two or three percent of the total boundary layer, 

were then integrated to yield the corrected values of d*, 0, and H. For 

the data reported herein, these corrections generally varied between 

three and five percent of the uncorrected values. However, occasionally 

much larger variations were observed, particularly in the thinner bound- 

ary layers (e.g., see Run No. 76-25 in Table I where Ad*/d* = 12.8 

percent, A0/0 = -6.13 percent, and AH/H = 20.2 percent). 

4.0 RESULTS AND DISCUSSION 

4.1 BOUNDARY-LAYER TRIP 

The introduction of disturbances in the mean flow may be expected 

to have two effects on the boundary layer: (I) a change of the location 

of the transition to turbulence and (2) alterations to the boundary 

layer after it has become turbulent. In order to examine this latter 

effect, which was the objective of these experiments, it was necessary 

to fix the transition point. Therefore, the criteria of Braslow (Ref. 

13) and Braslow, et al., (Ref. 14) were employed to locate a boundary- 

layer trip in the tunnel contraction section. The trip was of the 

15 
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three-dimensional type and consisted of conical indentations stamped in 

a 6.35-mm-wide strip of 0.05-mm shim stock. The indentations were 

spaced at intervals of 1.2 mm and protruded 0.07 mm above the surface of 

the shim stock. 

Experiments were conducted to ensure that the boundary layer became 

turbulent at the trip location, did not move upstream when disturbances 

were introduced, and did not relaminarize downstream of the trip. Three 

glue-on-type surface film anemometers were installed in the nozzle con- 

traction section and were located 4 cm upstream and 4 and 15 cm down- 

stream of the trip location. The gage outputs were monitored under 

conditions of maximum and minimum acoustic and vortical disturbance 

levels. From the amplitude-time signals of these gages, it was inferred 

that the boundary layer did not relaminarize and that it became and 

remained turbulent within 4 cm of the trip location. It was not possible 

to draw more definite conclusions because of the limited frequency 

response of the available instrumentation. 

4.2 RESULTS 

Skin friction data collected from a number of tunnel entries are 

displayed in Fig. 7. The skin friction coefficient, Cf, is seen to 

correlate with momentum thickness Reynolds number, Re, to within approxi- 

mately ten percent, regardless of the presence of mean flow disturbances. 

This correlation is of interest in that it was not observed in the data 

of Huffman, et al., (Ref. 3) or in that of Evans (Ref. 4) where u 
rms 

varied along the tunnel axis. If all data but that obtained during the 

final tunnel entry are excluded, the scatter observed in Fig. 7 may be 

reduced to about five percent as shown in Fig. 8. The improvement in 

consistency of the data from a single tunnel entry is attributed to the 

elimination of slight tunnel configuration variations which arise from 

small but unavoidable tunnel misalignments between tunnel entries. 

Therefore, only the data presented in Fig. 8 will be considered in 

detail. Tabulations of these data can be found in Table I. 

]6 
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The relative effects of the acoustic and vortical disturbances on 

the boundary-layer parameters Cf, 6*, e, and H are best illustrated when 

they are presented as functions of length Reynolds number, R . In this 
x 

case, x is measured from the trip location. Figure 9 illustrates 

Cf(Rx), 6*(R x) and e(R x) and H(Rx). Acoustic levels of 149 db are 

observed to have no discernible effect on these parameters when compared 

to the baseline values obtained at 133 db. However, increasing the 

vortical disturbance level from the baseline value of u = I percent* is 
rms 

seen to noticeably alter the magnitudes, as well as the rates of change 

of these parameters with respect to R . In the case of the shape factor 
x 

(Fig. 9d), the vortical disturbances reverse the trend of increasing H 

with increasing R . That is, H exhibits a slight decrease with R 
x x 

increasing. 

The dimensionless velocity profiles at each axial location are 

compared in Fig. 10. With the exception of the farthest upstream pro- 

file at x = 76.2 cm, the presence of mean flow disturbances increases 

the fullness of the profiles. In particular, the vortical disturbances 

induce the greatest degree of fullness in the velocity profile in each 

case consistent with the decreasing trend of H noted in Fig. 9. These 

data are compared in velocity defect coordinates in Fig. 11. This 

figure indicates that the vortical disturbances reduce the velocity 

defect, a result consistent with the fuller profiles. Finally, a comparison 

+ u +) is made in Fig. 12. of data in law of the wall variables (i.e., y , 

A decrease in magnitude of the wake component when vortical disturbances 

are present is noted. However, with the exception of the data at x = 

137.2 cm, an increase in the wake component is observed when acoustic 

disturbances are present. 

*The values of u quoted here must be considered to be nominal 
rms 

levels only. The quoted values are based upon agreement between hot- 

wire and LV data obtained on the tunnel centerline. A more detailed 

discussion of the difficulties encountered in the measurement of 
rms 

is given in Appendix A. 
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5.0 SUMMARY OF RESULTS 

In summary, the effect of increased vortical disturbances in the 

ART from the baseline value of u = 0.5 percent to the maximum value 
~ rms 

of Urm s = one percent was observed to (I) increase the fullness of the 

velocity profile and increase Cf and (2) decrease the magnitude of ~*, 

e, dCf/dx, d~*/dx, de/dx, dH/dx, the velocity defect, and the wake 

component of the profile. These findings are in accord with those of 

previously quoted investigators (Refs. 2 through 6). 

Acoustic disturbances characterized by an increase in Prms from 133 

db to 149 db did not discernibly affect the development of the turbulent 

boundary layer with the possible exception of an increase in the magni- 

tude of the wake component. 

It is noted that the axial gradients of Cf, 6", 8, and H do not 

correspond to flat plate variations and, therefore, may be influenced by 

the developing channel flow. However, all comparisons which have been 

made describe relative changes of the basic tunnel flow caused by the 

various disturbances. Also, the data reduction procedure used to deter- 

mine Cf was based upon the implicit assumption that the law of the wall 

could be applied to flow containing disturbances. Tha~ is, it was 

assumed that at least some portion of the logrithmic region of the 

boundary was unaltered by the free-stream disturbances. Finally, it is 

observed that for the level of disturbances investigated, R e correlated 

Cf, whereas in studies with higher disturbance levels (e.g., Ref. 4) R 8 

alone did not correlate Cf. 

Typical disturbance levels of some porous wall wind tunnels at M = 

0.5 fall in the ranges: 137 < Prms < 144 db and I percent _ 5 Urm s 

2 pe rcen t . *  Thus, the d i s tu rbances  u t i l i z e d  in th i s  i n v e s t i g a t i o n  ( i . e . ,  

*Recent LV measurements made in Tunnel 4T of the PWT, by Mr. F. L. 

Crosswy, indicated vortical levels in this range at M = 0.8. 
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~ % 

Prms = 149 db and Urm s = I percent) are representative disturbance levels. 

Because a large majority of wind tunnel testing is done with tripped 

boundary layers, it is important to know the effect of free-stream distur- 

bances on the turbulent boundary layer. In this regard, the results of 

the present investigation are useful as they indicate, at least for these 

particular measurements, that vortical disturbances are much more 

effective than acoustic disturbances in alternating the turbulent bound- 

ary at typical tunnel disturbance levels. 
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AE DC-TR-77-73 

I. 

Table 1. Boundary-Layer Profiles 

Index to Boundary-Layer Profiles 

Probe PoSition x = 76.2 cm 

Run No. 76-25 

Run No. 76-26 

Run No. 76-30 

Baseline 

Acoustic Disturbance 

Vortical Disturbance 

II. Probe Position x = 89.7 cm 

Run No. 76-24 

Run No. 76-28 

Run No. 76-29 

Baseline 

Acoustic Disturbance 

Vortical Disturbance 

III.* Probe Position x = 120.9 cm 

Run No. 76-33 

Run No. 76-34 

Run No. 76-32 

Baseline 

Acoustic Disturbance 

Vortical Disturbance 

IV.* Probe Position x = 137.2 cm 

Run No. 76-36 

Run No. 76-35 

Run No. 76-31 

Baseline 

Acoustic Disturbance 

Vortical Disturbance 

*These data were obtained with the test section extension installed. 
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Data Tabulation Nomenclature 

for Table I 

I. PAGE 1 - HEADINGS 

Parameters identified with "NEW" have been obtained from mean 

velocity profiles which have additional points added to the profile in 
+ 

the sublayer region, y < 140. The added velocities were obtained from 

the relation 

+ -I 
u = tan ~0.09y)/0.09 

II. PAGE 2 

Y Normal distance from wall (cm) 

PT2 Ratio of local to free-stream (fs) values of total pressure 

TO/TOE Ratio of local to fs values of total temperature 

M Local Mach number 

U/UE Ratio of local to fs values of velocity 

T/TE Ratio of local to fs values of static temperature 

TBAR Ratio of difference of local total temperature and fs total 

temperature to difference of adiabatic wall and fs total 

temperatures 

RHO/RHOE Ratio of local to fs values of static density 

RHO*U/ Ratio of local to fs values of mass flux 

(RHOE*UE) 
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III. PAGE 3 

Y*US/DS 

VEL DEF 

y+ 

+ 
u 

Y/D 

C. WAKE 

REY 

u/u1 

A E DC-TR-77-73 

YU*/~*, U* is friction velocity 

(u - u)/u~ 

y U*/~, ~ is the kinematic viscosity 

u/u* 

y/~ 

+ + _ 
Coles' wake function = 2(u + - 2.5 £n y - 5.5)/ (u E 2.5 £n6 + 

-5.5) 

RE times Y, RE is the unit Reynolds number 

U/UE 
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APPENDIX A 
SUMMARY OF ALTERNATE MEASUREMENT TECHNIQUE 

A summary of experience gained in the development and use of a hot- 

wire anemometer (HWA) and a laser velocimeter (LV) is given in this 

Appendix. This information is presented as an Appendix because the 

fluctuation data which were obtained using these alternate measurement 

techniques were either not self-consistent or were insufficient to allow 

meaningful conclusions to be drawn. Therefore, these data do not alter 

the basic conclusions discussed in the main body of this report. 

However, based on the mean flow measurements using the HWA and LV 

systems (these measurements will be shown to be, in general, in good 

agreement with the pitot pressure data reported in the main body of this 

report) it will be demonstrated that these systems are working mean flow 

diagnostic tools in the ART. 

A-1 THE HOT-WIRE ANEMOMETER 

The hot-wire electronics employed in this study consisted of a 

Thermo Systems, Inc. ® (TSI) model I054B anemometer, model 1051-I power 

supply, model 1076 true rms/d-c/mean square voltmeter, and a model I015C 

correlator. Two probe configurations were studied: (I) a TSI model 

1248-10 cross array cylindrical film (0.025-mm diameter), and (2) a TSI 

model 1288 split film (0.5-mm diameter). All probes were calibrated 

using a TSI model 1125 calibrator. These system components were several 

years old (i.e., five years o~ older) and several units were found to be 

unreliable. However, the greatest barrier to obtaining high quality 

fluctuation data was found to be the limited frequency response of the 

system. An investigation has shown this problem to be attributable to 

two sources: (I) use of film probes of relatively large diameter and (2) 

long uncompensated line lengths between the probe and the electronics. 

8? 
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Calibration procedures for compressible flow were not generally 

available for the transonic flow regime at the time this investigation 

was initiated. Therefore, the Mach number range was held to the low 

subsonic range (i.e., M = 0.5). Calibration curves were obtained for 

mass flux (0u) as a function of signal voltage for constant wire and gas 

total temperature. All probes were calibrated before use and upon 

completion of a test phase, which generally extended over a period of 

several weeks. It was found that for this study the calibrations did 

not change significantly over a period of several weeks. 

Figure A-I shows typical cross array data obtained with the test 

section extension in place and with and without additional free-stream 

vorticity. For comparison, data obtained from a pitot probe survey are 

included in Fig. A-I. The pitot data are indicated by the solid symbols. 

The mean velocity profile indicates good agreement between these two 

measurement techniques. However, examination of the velocity fluctua- 

tions, in particular, the Reynolds shear stress, <uv>/u~, reveals the 

data to be inconsistent. That is, near the wall the shear stress in a 

turbulent boundary layer can be expected to be approximately constant. 

In this case, the following approximate relation between Cf and 0<~v> 

should exist near the wall 

r = C f  = p<O~,> = - 2  < 0 ~ , >  
1 u 2 1 p u 2 u 2 ~P ~ ~- 

Using this relation, Fig. A-|a, e.g., indicates Cf ~ 4.5 x 10 -4 based 

on the measured shear, and Cf = 2.10 x 10 -3 based upon the mean profile. 

The probable causes of this disparity were noted above. 

An example of split film data is presented in Fig. A-2. Good 

agreement between the mean velocity profiles measured by the split film 

and a pitot probe was obtained. However, the fluctuation data exhibit 

inexplicable trends and the value of Cf inferred from the measured shear 

stress and the mean profile are found to be inconsistent. In addition 

to the frequency response difficulties noted above, these data suffer to 

88 
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a large extent from inexperience with appropriate calibration and data 

reduction procedures. Investigations such as Spencer and Jones (Ref. 

A-I) and Sandburn and Seegmiller (Ref. A-2) indicate that extreme care 

must be taken in the calibration procedure to obtain meaningful measure- 

ments. Thus, while useful fluctuation data were not acquired during the 

course of this investigation with the split film probe, it appears that 

the major problem of limited frequency response can be overcome with 

appropriate electronics. 

A-2 THE LASER VELOCIMETER 

During the course of this investigation, the ART was equipped with 

a two-component LV which is operated in the forward scatter mode for 

maximum signal-to-noise ratio. The basic operational theory of LV 

measurement is described in Ref. A-5. Because the system utilizes 

moving fringes, it is possible to measure a two-dimensional velocity 

vector (i.e., magnitude and direction). The basic techniques and theory 

of Doppler-shifted fringes are described in Refs. A-3 and A-4. The 

entire LV system is mounted on a three-axis Icon Corp. traverse which 

provides probe volume position accuracies of 0.0025 cm. The traverse 

and test section support structure are mounted on an inertial mass to 

minimize vibration-induced relative motion. 

The heart of the ART LV system is a Coherent Radiation ® , Argon-Ion 
O 

Laser which furnishes 1.5 watts of power at 6,487 A. A light beam from 

the laser is passed through an optics package which splits the beam into 

four parts, doppler shifts the vertical and horizontal fringes, and 

focuses the beams at a point in the test section (see Fig. A-3). A two- 

component Bragg cell provides a 45-MHz frequency shift to the vertical 

and a 15-MHz shift to the horizontal fringes. The focal volume allows a 

closest approach of 0.025 cm to the tunnel wall or model surface. 
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An offaxis lens system is utilized to collect the scattered radia- 

tion and focus it into a photomultiplier tube (931-A) which detects and 

amplifies the signal. This signal is processed by a Model 8 Doppler 

Data Processor (see Ref. A-6) which employs various tests to determine 

data acceptability. Acceptable data sets consisting of two velocity 

components and a time of reading are passed to a data acquisition system 

for reduction. Typically, this system consists of an LSI-2 minicomputer 

which has a 32K memory storage capacity and has a sample rate of 36K 

data sets per second. When a preset number of samples (generally 1,000) 

has been collected, the mean values of vertical and horizontal velocity 

were determined and output. In addition, the original stored data were 

transferred to a 9-track magnetic tape. A manual input capability was 

included so that part/point and test condition information could be 

recorded. Additional data reduction was accomplished offline using 

standard data reduction programs developed for LV data. A new online system 

was also available. This system which is described in Ref. A-7 was 

capable of processing 300K data sets per second. Such high sample rates 

suggests the possibility of making online mean and turbulent velocity 

measurements. 

Figure A-4 gives an example of mean and turbulent velocity profiles 

as determined by the data acquisition system. These data were acquired 

at x = 89.7 cm and the mean profile compares well with pitot data taken 

at x = 88.8 cm under identical flow conditions. These data are self- 

consistent in that Cf = 0.0028 from the mean velocity profile and Cf = 

0.0025 from the turbulent shear stress measurement, -p<uv>. The exten- 

sive scatter observed in the LV data is attributed to taking samples 

over a period of sufficient length compared to fluctuations in the flow 

to obtain an accurate average. The data of Fig. A-4 indicate that the 

LV system is an extremely promising flow diagnostic tool. 
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NOMENCLATURE 

Cf Local skin friction coefficient 

C 
P 

Specific heat at constant pressure 

H Shape factor 

K Molecular thermal conductivity 

K 
t Eddy thermal conductivity 

M Mach number 

Pr 
m Mixed Prandtl number, Cp (p + pt)/(K + Kt) 

PS Local static pressure 

PT Local total pressure 

Fluctuating wall static pressure 

Dynamic pressure 

~2 
q I (<G2> + <~2> + <~2>) Turbulent kinetic energy = 

R Unit Reynolds number, (m -I) 

R 
x 

Reynolds number based on distance from the boundary-layer trip 

R 0 Reynolds number based on 0 

Streamwise velocity component 
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+ 
u 

U* 

Law of the wall variable, ~7~ T 

Wall friction velocity, ~w/Pw 

U 
T 

Nondimensional wall friction velocity, u*/u 

V Velocity component normal to wall 

X Streamwise boundary-layer coordinate 

Y 

+ 
Y 

Boundary-layer coordinate normal to wall 

Law of the wall variable, y uT/v w 

Boundary-layer thickness taken at u/u®~ 0.995 unless otherwise 

noted 

Displacement thickness 

Momentum thickness 

Molecular viscosity 

~t Eddy viscosity 

p Density 

Ouv Instantaneous Reynolds stress 

T 
W 

Wall shear stress 

W 
Kinematic viscosity evaluated at wall conditions 

98 



A EDC-TR-77-73 

SUBSCRIPTS 

rms Root-mean-square value, e.g., 
rms 

O0 Free-stream value 

SUPERSCRIPTS (except as noted) 

Fluctuating value 

SPECIAL NOTATION 

<.> Indicates time average, e.g., =1 f ~ 2  <~2> ~ (t)dt 
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